Male DBA/2J and C57BL/6J mice were treated with ethylnitrosourea (EtNU) at a dose of 250 mg/kg of body weight. After a sterile period of 11 weeks, the treated animals were mated with untreated females; treated DBA with C57 and treated C57 with DBA. A small control group of untreated males was established, and a larger control group from earlier experiments was also used for comparison Electrophoretic analysis has demonstrated genetic alterations in a wide variety of organisms, and the approach is currently being used to screen for mutations in human populations (6, 7). This paper presents the results of the application of the electrophoretic approach to the detection ofgerminal mutations induced by EtNU.
The direct detection of newly arisen mutational events in the offspring of mutagen-exposed and control parents is the only way to determine unequivocally whether an agent can cause germinal mutations in mammals. Only a few chemicals have been subjected to evaluation for mutagenic potential in an experimental whole mammal system.
Using a morphological specific-locus test (1-4), Russell et Electrophoretic analysis has demonstrated genetic alterations in a wide variety of organisms, and the approach is currently being used to screen for mutations in human populations (6, 7) . This paper presents the results of the application of the electrophoretic approach to the detection ofgerminal mutations induced by EtNU.
MATERIALS AND METHODS
The two strains of mice used-C57BL/6J and DBA/2J-were purchased from The Jackson Laboratory. Seventy DBA male mice were injected with a solution of EtNU and subsequently mated with C57 females. Likewise, 70 C57 males were injected and mated with DBA females. Only one death occurred among the treated males following treatment. A small control series, 10 animals from each strain, were injected with buffer only and mated in the same way. Additional control data were obtained from previous experiments (8, 9) .
The EtNU was obtained from Bio-Clinical Laboratories (Bohemia, NY). Before injection, it was dissolved in 0.05 M sodium phosphate buffer (pH 4.0) at 25 mg/ml. The solution, volume adjusted to deliver a dose of 250 mg/kg of body weight, was administered by intraperitoneal injection. All injections were completedwithin 10 min ofpreparation ofthe solution. Controls received only buffer. The first trial matings were attempted 5 or 6 weeks after injection; when the sterile period ended (10.5 + 1.0 weeks after injection), a regular schedule of mating was established according to which the males were each placed with a pair of females in mating cages for 1 week. At the end of that time, each male was placed with a different pair offemales. The schedule was maintained for several months to produce F1 animals. The offspring were weaned at m24 days of age and used for electrophoretic analysis when =-8-10 weeks old.
The sample material for electrophoretic studies consisted of erythrocyte lysates and kidney homogenates. The samples were obtained surgically, so the animals were alive and available for mating to determine heritability ofthe detected variations. The parent animals and all of their F1 progeny were examined by the same set of techniques. Methods for sample preparation, electrophoresis, and gel staining have been described (8) . The techniques allow genetic variation to be detected at 21 loci, which are of two types.
For one set of 10 loci, there are electrophoretic differences between the strains determined by alternative homozygous alleles in the two strains. These loci are Mod-i, Es-i, Es-3, Idh-1, Hbb, Pep-3, Gpd-i, Gpi-i, Pgm-i, and Pgm-3. Loci of this type are especially useful because they make it possible to tell from which parent a newly arisen mutational event originated.
The other 11 loci control proteins that show no electrophoretic differences between C57 and DBA animals. One, the Hba locus, actually has an allelic difference (10), but it cannot be detected by starch gel electrophoresis. The remaining loci determine two esterases, two lactate dehydrogenases, three peptidases, a phosphoglucomutase, a 6-phosphogluconate dehydrogenase, and glucose-6-phosphate dehydrogenase. Loci that do not show electrophoretic differences have the disadvantage that a newly arisen mutational event is not usually traceable directly to a particular parent. In such cases, then, one can only compare frequencies of newly arisen events in the offspring of mutagen-treated and control parents.
Null (reduced activity) mutants at loci that show electrophoretic differences between the strains should theoretically be Abbreviation: EtNU, ethylnitrosourea.
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. apparent on visual examination of the gels. For the other loci, however, the prospects for detecting such mutants are not as good because the null heterozygotes have one normal allele to give a band in the regular position, which might not appear different from normal. Nevertheless, enzyme bands much less intense than usual were scored as variant ifall other bands from the sample were normal in intensity.
After the variant animals were first identified, they were mated to determine whether the variations were due to germinal mutations. Only inherited traits were counted as mutant.
For dominant lethal studies, the same mating schedules as for electrophoresis studies were used. Females were examined for vaginal plugs and dissected at 14 or 17 days of gestation. Conceptuses were removed from decidual swellings, counted, and examined for viability and external morphology. RESULTS Nine mutations were found among 22,512 loci tested by electrophoresis on samples from 1072 F1 animals, all progeny of treated males (Table 1 ). All mutant characteristics were observed as separate, independent events in F1 offspring of electrophoretically normal parents. On this basis, they are considered to be newly arisen in the parental generation.
Calculations for spontaneous mutation rates are somewhat more complex than those for induced rates. Spontaneous rate data are derived not only from progeny of control matings but also from offspring having a mutagen-treated parent. Loci from both parents can be identified in the progeny regardless of mutagen treatment.
In total, 290,252 control locus tests were performed in the present and two other experiments (8, 9) . No newly arisen spontaneous mutations were found in this group (see Table 1 ), but some mutations preexisting in the parental animals were identified (8).
A a Five induced mutants were found among the loci with different alleles in the two strains ( Table 2) . Examples of the electrophoretic patterns specified by the mutant alleles are shown in Fig. 1 . Two of the mutations produced electrophoretic mobility variants, one at Idh-1 and another at Mod-i. Three were missing-band "null" variants; two independent mutants at the Pep-3 locus and one at the Mod-i locus.
Four mutations were found in proteins not electrophoretically different between the strains (see Fig. 1 ). All of these mutants were the offspring of mutagen-treated parents; however, possible spontaneous origin in the untreated parents cannot be totally excluded. The mutants, nevertheless, are considered induced because of the very low spontaneous rate in untreated individuals. Obviously, the data are insufficient to adjust the induced rate by subtraction of the spontaneous rate. The distribution of mutants, according to parental origin and loci, is shown in Table 2 .
Three of the mutations at loci that-are the same in the strains caused changes in electrophoretic mobility. Included in this group were variants at the Pep-i and Pgm-2 loci, plus a variation in hemoglobin. Genetic analysis has shown that the hemoglobin variation is not due to a mutational event at the Hbb locus and that it is probably caused by an Hba mutation.
The final mutant appeared as a very light, narrow, PEP-1 band. It is classified as a null mutation because of the reduced activity. The one F1 animal heterozygous for the mutant Pep-1 allele produced a number ofbackcross offspring, halfofwhich showed the same mutant phenotype, demonstrating that loci C S.. The distribution of loci (see Table 2 ) shows that two independent mutations occurred at each of three loci. In addition, there were 3 loci with one mutation each and 15 with none. If the induction ofmutations at the electrophoretic loci is random, their incidence would fit a Poisson distribution. The data provide only a suggestion ofan excess ofloci with two independent mutations (X2 = 2.90; P = 0.10-0.05, in a goodness-of-fit test to the Poisson distribution).
A total of 9492 loci were examined in the progeny of EtNUtreated C57BL/6J males, and 13,020 loci were examined from treated DBA/2J males (see Table 1 ). Five mutations were induced in C57BL males; four were induced in DBA males. Calculations of mutation rates yield a greater but statistically nonsignificant value for C57 than for DBA; 5.3 x 10 4 vs. 3.1 X i0-4. Further screening is required to determine whether there are differences in strain or locus specificities in response to mutation induction by EtNU.
In the dominant lethal studies, the examination of conceptuses for deaths and malformations showed no significantly increased frequency of dominant lethal or detrimental effects associated with treatment, nor were there anysignificant numbers of morphological abnormalities present in the live fetuses. Results are summarized in Table 3 . One live-born female with a dominant morphological mutation was found among the progeny ofa DBA/2J treated male. She had a phenotype resembling that of a We heterozygote; dorsal and ventral white spots and diluted coat color (11) .
DISCUSSION
The results show that EtNU is a potent inducer of electrophoretically expressed mutations. There were nine mutants induced among the 22,512 loci tested in the EtNU-tested mice, but there were none found in almost 300,000 control loci. The efficacy of EtNU as a mutagen is similar in the electrophoretic test system to that in the specific visible marker test (5). The calculated frequency from the electrophoretic data is 4.0 X i0-4; from visible markers, it is 5.3 X 10-4.
The spontaneous mutation rates in mice appear to be similar by both morphologic and electrophoretic criteria; the human spontaneous rate for electrophoretically -expressed loci also seems to be of the same order of magnitude. Lyon et al. (12) found 11 spontaneous mutants in 1,101,959 loci tested for visible recessive markers (1.0 x 10-5), and Russell et al. (5) report 28 independent spontaneous mutants in 3,720,500 loci (0.75 X 10-5). Neel et al. (7), in summarizing the existing human data for spontaneous mutation rates based on electrophoresis, list no mutants in 522,119 locus tests that exclude at the 95% level a mutation rate exceeding 0.6 X 10-5 per locus per generation. By using the same method of calculation with the present data, the finding of no electrophoretically expressed mutations in 290,252 loci from mice excludes a spontaneous rate of 1.04 X 10-5. Even in the absence of any demonstrated spontaneous mutations, it is clear from the finding of rare variants in the human 'population (7) and preexisting mutations in inbred strains of mice (8) There is no significant difference in the frequency of fetal mortality or physical malformation between treatment and control groups (see Table 2 ). This result is consistent with previous dominant lethal studies based on spermatogonial exposure to alkylating chemicals (16) ; however, translocations induced in gonia are the primary cause of increase in dominant lethality seen in post-sterile-period matings in irradiation studies (17 In postmeiotic stages of Drosophila, EtNU induces a high frequency of recessive lethals (X chromosome), but it is relatively ineffective for the induction of translocations and aneuploidy (18, 19) . The compound causes base-pair substitutions in in vitro assays with Salmonella typhimurium but apparently not frameshift mutations (19) . When S. typhimurium was exposed to EtNU in the intraperitoneal host-mediated assay, mostly base-pair substitutions, but some frameshifts, were found to be induced (20) . The major action of EtNU on DNA is apparently ethylation at the 06 position of guanine, although it is possible that virtually all nitrogens and oxygens may be modified to some degree, depending on conditions (21 The electrophoretic mouse system is useful in estimating the impact of environmental mutagens on the human population. As homologies exist between the mouse and humans for many of the loci examined by electrophoresis, experiments with mice can supply important information to support human screening efforts. The ease of probing risk factors by the electrophoretic approach is due to the direct monitoring for changes in identified and accessible gene products. From the nature of structural changes in the gene product, something of the nature of alteration at the gene level can be inferred, and this can probably be extended by exploiting recombinant DNA technology. The metabolic consequences of specific gene changes can also be explored, knowing what biochemical pathways, metabolites, and such might be altered; having this information, a basis is formed for approaching the impact ofmutations on physiological functions. Another aspect of the electrophoretic system is that it is open to expansion by the addition of other loci and marker enzymes. Newly arisen spontaneous and induced mutations, as well as preexisting mutants, can be used to investigate the fate of various kinds of mutational events. Finally, through the judicious choice ofadditional markers, it may be possible to generate a system capable of detecting a set of homologous loci in the mouse and man that can be used for mutation testing in the laboratory and mutation monitoring ofhuman populations. That the potential offered by the system extends beyond the experimental determination of numerical increases in mutation rate makes it attractive as a future testing system. The fact that many human inborn errors of metabolism can be shown to be due to detectable alterations or absences ofvarious proteins (22) further enhances its value.
